Abstract.-The effect of descaling injury on the osmoregulatory ability of hatchery Atlantic salmon Salmo salar smolts in seawater was investigated. Experimental series were initiated during early, middle, and late periods of the spring smolt migration (April 25, May 11, and May 31, respectively). For each time series, descaled smolts (subjected to descaling on 10% of the body surface area) and control smolts (held out of water for 15 s) were transferred to seawater at 0, 1, 3, or 7 d posttreatment. After fish were held in 35% seawater for 24 h, gill and blood samples were collected and analyzed for Na þ ,K þ -ATPase activity and plasma osmolyte levels. Based on gill Na þ ,K þ -ATPase activity, the three series spanned the period from early smolting (increasing activity) to de-smolting (decreasing activity). In each series, descaled fish transferred to seawater at 0 and 1 d posttreatment had greater plasma osmolality than control fish; descaled fish transferred to seawater at 3 d posttreatment did not differ from controls. The greatest perturbation in osmolality (70 milliosmoles) was observed at the peak of smolting (middle series), whereas lesser increases were seen for early and late-series smolts. The observed osmotic perturbations in descaled fish would probably reduce performance and decrease survival during smolt migration.
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Anadromous salmonid juveniles face both physical and physiological challenges during emigration. As smolts leave rearing habitats and migrate seaward, they encounter geomorphic barriers, changing flow, varying turbidity, and a gauntlet of predators. Upon reaching the sea, they encounter increased salinity, necessitating effective hypo-osmoregulation. The migratory success of smolts therefore depends upon behavioral strategies, swimming performance, and intact physiological abilities.
Prior to and during this period of migration, salmonids undergo a suite of developmental shifts in morphology, physiology, and behavior considered to be adaptive for migration and marine life (McCormick and Saunders 1987; Hoar 1988) . Smoltification is stimulated by increases in day length that occur in combination with warming spring temperatures (Hoar 1988; Muir et al. 1994) , defining a smolt ''window'' for migration . The ability of smolts to tolerate full-strength salinity is increased through a proliferation of mitochondrion-rich cells in their gills (Richman et al. 1987; McCormick 1993) . This and other smolt characteristics develop in advance of seaward migration and regress if fish remain in freshwater (de-smoltification; McCormick et al. 1999; Handeland et al. 2001; Zydlewski et al. 2005) . The integument is an important component maintaining a smolt's homeostasis because it provides a physical barrier against passive diffusion. Injury to the integument impacts the permeability of this organ (Holeton et al. 1982; Kuperman et al. 2001 ) and therefore can directly impair osmoregulation. The effect of an injury with respect to osmoregulation may change during the parr-smolt transformation. While seawater tolerance is increased at the peak of the parr-smolt transformation, a heightened sensitivity to stressors is also evident (Carey and McCormick 1998) . The hypo-osmoregulatory challenge of seawater entry may impair an injured smolt's ability to osmoregulate through the stress response.
Injuries to the integument result from natural and anthropogenic sources. On the Penobscot River, Maine, descaling is a commonly observed injury in migrating smolts of Atlantic salmon Salmo salar, particularly towards the end of the migratory season (FERC 1989; USASAC 2006) . In hatcheries, repeated handling, transportation at high densities, and stocking can result in injuries (Bouck and Smith 1979) . Although descaling is routinely used as an index of physical damage, few studies have examined the physiological responses of salmonids to scale loss or with respect to subsequent performance and survival. The objectives of this study were to (1) evaluate the ability of Atlantic salmon smolts to successfully osmoregulate in seawater after receiving uniform descaling injuries; (2) characterize variations in the osmoregulatory response to descaling over the period of smolting; and (3) characterize the time course of physiological recovery from descaling.
Methods
Experimental fish.-Progeny of sea-run Penobscot River Atlantic salmon were reared under natural light in lake water at the Green Lake National Fish Hatchery (U.S. Fish and Wildlife Service) as part of the ongoing 1-year smolt stocking program utilizing sea-run adults (of both hatchery and wild origin). Peak migration (based on 50% cumulative capture of stocked smolts) in the Penobscot River occurs between May 5 and May 16 (2001) (2002) (2003) (2004) ; Ed Hastings, National Oceanic and Atmospheric Administration [NOAA] Fisheries, unpublished data). On April 11, 2005, 400 smolts were crowded, netted, and transferred by bucket from 9-m circular rearing ponds into two 1,000-L, flow-through (10 L/min) tanks. Water temperature in the tanks increased from 48C on April 11 to 178C by June 6. Simulated natural photoperiod was provided with 50-W, wide-spectrum incandescent bulbs. Fish were fed daily to satiation (1.5-mm Hi-Pro Mini; Corey Feed Mills, Ltd., Fredericton, New Brunswick, Canada).
Estimating descaled surface area.-Efforts were made to select an area for uniform descaling that would represent approximately 10% of the body surface area (20% of one side). To estimate the descaled area needed, circumference measurements (using thread) for 19 fish (17.2-20.3 cm fork length [FL] ) were taken at six positions along the flank of the fish (Figure 1 ). The position of the lateral line for each circumference was also measured with respect to the dorsal and ventral midlines. These measurements defined 14 polygons for each side that could be summed to estimate total surface area of the fish. Fish surface area was predicted using the linear regression equation (R 2 ¼ 0.86, P , 0.001):
where SA is surface area (cm 2 ) and FL is in centimeters. This estimation of surface area is approximately 25% greater than an estimation generated from a two-dimensional image. The integument above the lateral line and behind the dorsal fin on the left side of each fish was descaled (Figure 1) , representing an estimated 9.3 6 0.7% (mean 6 SD) of the total surface area of the fish. Estimated proportional area for this region was not correlated with FL and therefore represented an area unaffected by fish size (P ¼ 0.86).
Experimental design of descaling and seawater challenges.-Sampling began on April 25, May 11, and May 31, 2005, to assess the effects of descaling early in smolt development (early series), at the peak of the parr-smolt transformation (middle series), and during de-smolting (late series), respectively. The work was conducted at the Green Lake National Fish Hatchery. For each series, 60 randomly selected fish from each holding tank were anesthetized with tricaine methanesulfonate (MS-222; 100 mg/L; 2.3-mM NaH-CO 3 ; pH 7.0) in source water and were assigned to either descaled or control treatments in an alternate fashion. A blunt laboratory spatula was used to descale the integument; control fish were held out of water for a comparable time (15 s). Fish were allowed to recover in a 1,000-L tank supplied with freshwater.
After 1 h of recovery, 15 control and 15 descaled fish were nonselectively netted and transferred isothermally to an aerated, 333-L tank with seawater at a salinity level of 35% (0-d sample; Instant Ocean, Bethesda, Maryland). The remaining 90 fish were maintained in flow-through freshwater in the 1,000-L tank until they were similarly transferred to seawater in groups of 30 (15 control and 15 descaled fish) at 1, 3, and 7 d posttreatment. Water temperatures ranged from 78C to 88C for the early series (April 25-May 2), from 98C to 128C for the middle series (May 16-23), and from 128C to 178C for the late series (May 30-June 6). Food was withheld for the 24 h prior to the descaling treatment or seawater transfer; otherwise, fish were fed as described above.
For each group transferred, all 30 fish were terminally sampled after 24 h in seawater. Fish were euthanized with MS-222, after which FL and mass were immediately measured. A gill biopsy was taken from each fish to measure gill Na þ ,K þ -ATPase (enzyme code 3.6.3.9; IUBMB 1992) activity. Four gill filaments were removed and immersed in 100 lL of ice-cold sucrose-EDTA-imidazole buffer (150-mM sucrose, 10-mM EDTA, 50-mM imidazole, pH 7.3), snap frozen, and stored at À808C.
A blood sample was collected from the caudal vein FIGURE 1.-Schematic of an Atlantic salmon smolt and the landmarks used to estimate surface area. Shaded area represents the area descaled as a standardized injury in this study.
into a 1-mL ammonium-heparinized syringe. The needle was removed and the blood was expelled into a 1.8-mL centrifuge tube; a sample was then drawn into an ammonium-heparinized hematocrit tube. This tube was kept on ice for less than 10 min and then centrifuged at 13,500 3 gravity (g) for 5 min, and the hematocrit was measured. The remaining tube of blood was spun at 2,000 3 g for 5 min; the plasma was removed into a 0.5-mL tube, frozen, and stored at À808C for subsequent analysis.
Gill Na
-ATPase activity was determined using the microplate method described by McCormick (1993) . Kinetic analysis of ouabain-inhibitable ATP hydrolysis was measured in triplicate at 258C by monitoring the NADH concentration at 340 nm. Protein concentration of the gill homogenate was determined in triplicate using the bicinchoninic acid (BCA) method (Smith et al. 1985 ; BCA Protein Kit, Pierce, Rockford, Illinois) using bovine serum albumen as the standard. Activity of gill Na Plasma ion and osmolality analysis.-Plasma potassium, sodium, and chloride ion concentrations were measured using an EasyLyte electrolyte analyzer (Medica Corporation, Bedford, Massachusetts) with internal calibration and single-point external standard verification for sodium and chloride (200-mM NaCl). Plasma osmolality was measured using an Advanced Instruments Model 3200 freezing point depression osmometer (Advanced Instruments, Inc., Norwood, Massachusetts) with 50-, 290-, and 850-milliosmole (mOsm) external standards.
Statistics and calculations.-Data were analyzed using a three-way analysis of variance (ANOVA) with series, day of transfer to seawater, and treatment as independent factors. If series or interactions with other factors were significant, contrasts among means were tested using two-way ANOVAs within each series using day of transfer and treatment as factors. Differences among means were tested, when warranted, with a oneway ANOVA. A Bonferroni t-test was used for pairwise comparisons. Where normality tests failed, analyses were performed on ranked data. An a priori significance level of 0.05 was used for all statistical tests.
Results

Length, Mass, and Condition Factor
Although FL and mass increased through the three series, mean FL and mass did not differ between treatments (descaled and control) within each series or among time points (Table 1) . Condition factor decreased through successive series (Table 1) . Mean condition factor differed between the descaled and control treatments only once among all comparisons by day of transfer for the three series (0 d posttreatment in the middle series). Among the control fish sampled through the middle series, mean condition factor at the start (0 d posttreatment) was also greater than the mean for fish collected at 1 d posttreatment.
There was no difference in gill Na For control fish, series was a significant factor when comparing plasma osmolality and ion data. In general, osmolality sodium and chloride were lowest in the early series and highest in the late series (Figure 3) . Control plasma osmolality changed over each of the samplings, but the changes were slight and patterns differed. During the early series sampling, there was a 24-mOsm decline from 0 to 7 d posttreatment. During the middle-series sampling, there was no difference in osmolalities at 0 and 7 d, but osmolality at 3 d was lower. In contrast, during the late-series sampling, there was an increase in osmolality such that by 7 d, the average osmolality of control fish was 45 mOsm higher than that observed at 0 d.
For the control fish, trends in plasma sodium and chloride generally tracked the plasma osmolality trends mg protein À1 h À1 ), plasma potassium (mM), and hematocrit (% volume) for control and descaled juvenile Atlantic salmon after transfer to 35% seawater at 0, 1, 3, and 7 d posttreatment for the early, middle, and late series (defined in Methods). Statistical differences (P , 0.05) between descaled and control fish on a given date are indicated by asterisks.
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( Figure 3 ). In the early series, plasma sodium and chloride declined from 0 to 7 d posttreatment. Middleseries plasma sodium and chloride concentrations did not differ between 0 and 7 d. In sharp contrast to the previous two series (but consistent with plasma osmolality), plasma sodium and chloride increased from 0 to 7 d in late-series fish. Plasma potassium changes were small but generally increased from 0 to 7 d in the early and middle series (Figure 2 ). Plasma potassium did not differ among days of transfer for the late series. Control fish exhibited a general pattern of decline in hematocrit in the early and middle series (Figure 2 ). In the early series, hematocrit was lower at 3 d posttreatment than at 0 d, but hematocrit at 7 d did not differ from that at 3 d. Declines observed in the middle series were more pronounced (from 45% at 0 d to 36% at 7 d). In contrast, the pattern in hematocrit in the late series was one of increase: 41% at 0 d and 47% at 7 d. No control fish died in seawater (Table 1) .
Effect of Descaling: Plasma Osmolality, Ions, and Hematocrit
In each of the three series, the descaled fish transferred at 0 d posttreatment exhibited a marked FIGURE 3.-Mean (6SE) plasma osmolality (milliosmoles [mOsm]/kg), sodium (mM), and chloride (mM) for control and descaled juvenile Atlantic salmon after transfer to 35% seawater at 0, 1, 3, and 7 d posttreatment for the early, middle, and late series (defined in Methods). Statistical differences (P , 0.05) between descaled and control fish on a given date are indicated by asterisks. NOTE perturbation of plasma osmolality in comparison with control fish (Figure 3) . The greatest osmolality increase (70 mOsm) was observed in the middle series, whereas more modest increases were recorded for the early and late series (21 and 46 mOsm, respectively). For each of the three series, plasma osmolality of descaled fish was greater than that of control fish at 0 and 1 d but did not differ from the osmolality of control fish at 3 or 7 d.
A similar pattern was observed in plasma sodium, potassium, and chloride, although pairwise comparisons between descaled and control fish were significant for only the middle and late series (Figures 2, 3) . For the early series, treatment had no effect on plasma sodium and potassium but was a significant factor for plasma chloride. For the middle series, plasma sodium, potassium, and chloride of descaled fish were greater than those of control fish at 0 and 1 d posttreatment but did not differ at 3 or 7 d. The differences were greatest at 0 d. By 1 d posttreatment, while significantly higher, the differences between descaled and control fish were lessened.
During the late series, plasma chloride of descaled fish was significantly higher than that of control fish at 0 and 1 d posttreatment but did not differ from control levels at 3 or 7 d. Treatment was a significant factor for plasma sodium but not for potassium. There were no differences between descaled and control fish at any point for plasma sodium.
The hematocrit of descaled fish differed from that of control fish during the early and middle series but not during the late series (Figure 2 ). In the early series, hematocrit was higher for the descaled fish at 3 d posttreatment but did not differ on any other day. In the middle series, descaled fish had lower hematocrit levels than control fish at 0 and 1 d posttreatment. One mortality was observed in the late series; a descaled fish died during the 0-d transfer to seawater (Table 1) .
Discussion
The descaling experiments spanned the period of early smolting through de-smolting, as evidenced by gill Na Osmoregulatory ability of control Atlantic salmon paralleled observations for gill Na þ ,K þ -ATPase activity. In the early and middle series, Atlantic salmon osmoregulated effectively, maintaining low levels of plasma chloride, sodium, and osmolality after seawater challenge (Figure 3 ). Control fish in the late series exhibited high and increasing levels of plasma osmolality, sodium, and chloride, demonstrating a clear decline in osmoregulatory ability associated with de-smolting. Smolt developmental stage is further evidenced by declining condition factor through the experiments (Table 1) .
Regardless of whether the fish were smolting, at the peak of smolting, or de-smolting, descaling resulted in a significant decrease in ability to osmoregulate in seawater for the first 3 d after injury. Early series smolts experienced a small (but physiologically significant) perturbation in osmolality (21 mOsm), but sodium, potassium, and chloride levels were not affected. The greatest descaling effect was observed at the peak of smolting (Figure 3) , when there was a 70-mOsm perturbation in plasma osmolality and parallel increases in plasma ions. Descaling in the late sampling had a similarly severe impact, with one mortality observed in the group transferred to seawater at 0 d posttreatment (Table 1) . After 3 d of recovery in freshwater, descaled fish did not differ from control fish in the ability to perform during a 24-h seawater challenge. The recovery to control levels within this time frame in each series is probably due to epithelial repair.
These results suggest a difference in response, possibly mediated through ontogenic changes in the stress response (Specker 1982; Barton et al. 1985; Carey and McCormick 1998) . Although not assessed in this study, the handling and descaling injuries administered were probably accompanied by a stress response. A higher level of osmotic perturbation in the control group transferred to seawater at 0 d (as observed in the early series; Figure 3 ) may be due to handling stress (as observed by Gadomski et al. 1994) . The recovery of cortisol to normal levels, however, would probably be complete in less than 24 h, and therefore the stress response would have a lesser impact on later data points. Other physiological responses (e.g., plasma glucose) may take longer to return to normal (Carey and McCormick 1998) . Additionally, returning to the tank to net fish may likewise have exerted a low amount of stress on both the descaled and control fish. Even so, stress-mediated impacts on osmoregulatory ability through handling and injury are unlikely to be as significant as the descaling injury itself.
Temperature probably did not exert a great influence on the observed differences in performance between 134 experimental series. Temperature ranges of the early and middle series differed modestly (7-88C versus 9-128C), yet the injured fish exhibited starkly differing physiological responses. A direct influence of temperature however cannot be fully dismissed in this study. Temperature can influence ionic homeostasis due to a respiratory-osmoregulatory compromise (Randall et al. 1972; Redding et al. 1991; Gonzalez and McDonald 1992) . However, the far greater effect of temperature in this study is likely to be through the modulation of smolt development (Staurnes et al. 1994) .
The fact that the greatest effects of descaling were observed in fish at the peak of smolting and at desmolting is significant. Migrating smolts would therefore be most vulnerable to a high level of osmotic perturbation if injured and directly entering seawater. Descaling injuries are frequent in Atlantic salmon smolts during and after the peak of migration in the Penobscot River (USASAC 2006), probably due to the increased deciduous nature of scales during smolting (Hoar 1988) . The injury administered in this study is modest relative to that encountered in Atlantic salmon smolts in the Penobscot River (Shepard 1993; NOAA Fisheries, unpublished data) and Chinook salmon Oncorhynchus tshawytscha in the Columbia River (Gessel et al. 1991) , where descaling injuries of less than 20% are considered ''low.'' Because of this and the fact that the descaling injury in this study was administered without bruising or other potential impacts, the observed perturbations in this study should be considered modest.
Even so, such perturbations can increase smolts' vulnerability to predation (Handeland et al. 1996) . The estuary is indeed an area of high smolt mortality; in the Penobscot River, 10-30% of acoustic-tagged Atlantic salmon smolts are lost in this region (Holbrook 2007) . Blackwell and Krohn (1997) suggested that the selection by double-crested cormorants Phalacrocorax auritus for foraging areas near dams reflects a higher availability of prey, possibly due to delay and injury.
This study demonstrated a notable impact of modest descaling to smolts placed in seawater. In contrast, other work suggests that descaling injuries of salmon result in a less-severe impact on ionic homeostasis while in freshwater (e.g., Chinook salmon; Gadomski et al. 1994) . Descaling resulted in a short-term risk of increased predation, with no evidence for longer-term adverse effects on performance and survival in freshwater. If recovery from a descaling injury is less physiologically severe in freshwater, injured smolts may remain in freshwater until their injury has healed. Such a behavior, however, would expose these fish to riverine predators over a greater period. Remaining in freshwater may also hasten de-smolting (Muir et al. 1994; McCormick et al. 1999; Zydlewski et al. 2005) , further compromising successful migration.
